A customized IQ modulator driven by equal-amplitude binary signals for generating offset-free 16-quadrature amplitude modulation (QAM) is proposed and validated through simulations. The incorporation of tunable splitters demonstrates the feasibility of the transmitter and enables more efficient constellations such as hexagonal 16-QAM. © 2012 Optical Society of America OCIS codes: 060. 0060, 060.5060, 060.1660, 130.0130, 250.3140, 250.5300. In the light of recent achievements of coherent detection technologies in optical transmission systems [1] together with the ever-growing need for higher data rates, a strong effort has been devoted to research in high-order modulation formats. ; however, the generated 16-QAM constellation exhibits a residual offset with respect to the origin of the complex I-Q plane, thereby reducing the energy efficiency. In this work, we propose a modified single dual-drive IQ modulator (Fig. 1) , where an unbalanced powersplitting ratio of each input coupler of the two nested Mach-Zehnder modulators (MZMs) (one placed on the I arm, the other placed on the Q arm) is optimized to allow for offset-free 16-QAM generation from four equalamplitude binary signals. Furthermore, splitting ratio tunability is implemented to ensure an accurate optimization of the output constellation by compensating for device fabrication variability. Moreover, such a degree of freedom enables, in the same device, generation of more efficient constellations such as the hexagonal 16-QAM [8] .
In the light of recent achievements of coherent detection technologies in optical transmission systems [1] together with the ever-growing need for higher data rates, a strong effort has been devoted to research in high-order modulation formats. In particular, both phase-shift keying (PSK) and quadrature amplitude modulation (QAM) techniques allow for higher spectral efficiency, thus increasing the bit rate. Several architectures have been investigated for generating 16-QAM signals. The most straightforward method consists in driving a single-drive IQ modulator with two four-level signals [2] [3] [4] , which are significantly more challenging to either generate or process than binary signals. Alternatively, the use of more complex modulators can reduce the complexity of the driving signals. For instance, generation of 16-QAM signals from four binary signals has been proposed with either two parallel [5] or two cascaded [6] IQ modulators. Recently, a solution employing a single dual-drive IQ modulator driven by binary signals with different amplitudes has been demonstrated [7] ; however, the generated 16-QAM constellation exhibits a residual offset with respect to the origin of the complex I-Q plane, thereby reducing the energy efficiency.
In this work, we propose a modified single dual-drive IQ modulator (Fig. 1) , where an unbalanced powersplitting ratio of each input coupler of the two nested Mach-Zehnder modulators (MZMs) (one placed on the I arm, the other placed on the Q arm) is optimized to allow for offset-free 16-QAM generation from four equalamplitude binary signals. Furthermore, splitting ratio tunability is implemented to ensure an accurate optimization of the output constellation by compensating for device fabrication variability. Moreover, such a degree of freedom enables, in the same device, generation of more efficient constellations such as the hexagonal 16-QAM [8] .
A tunable splitter design is presented, which exploits silicon photonics technology. This technology has become a viable, low-cost, and highly manufacturable platform for photonic integrated circuits and also offers a smaller footprint than InP [8] and LiNbO 3 [9] . Current technology allows for the integration of phase modulators, low-loss passive components such as bends and splitters, as well as efficient fiber-to-chip coupling using either tapered edge couplers or vertical grating couplers [10] . Figure 1 shows the scheme of the proposed 16-QAM transmitter. The architecture employs four equalamplitude binary signals to generate a 16-QAM constellation. The device comprises four phase modulators embedded in a nested Mach-Zehnder interferometer (MZI). The structure is similar to a conventional dualdrive IQ-MZM, but with a fundamental difference in the design: splitters B and C are designed to be unbalanced, with a power-splitting ratio equal to 80/20, corresponding to an amplitude ratio of 2. In the I arm, a four-level amplitude and PSK (4-APSK) constellation is produced, with logic values −3, −1, 1, 3 corresponding to the I component of the target 16-QAM constellation. In the same way, the Q arm provides a second 4-APSK corresponding to the Q component. In order to prevent any residual offset in the final 16-QAM constellation, both the 4-APSK constellations generated in the I and Q arms need to be symmetric with respect to the origin of the complex plane. To describe the generation of the two 4-APSK constellations, construction of the I arm is first presented. Due to the unbalanced splitter, the optical fieldẼ I1 propagating in arm I 1 will be twice in amplitude with respect to the optical fieldẼ I2 propagating in arm I 2 . The I-arm dual-drive MZM is driven by two binary signals with equal peak-to-peak amplitudes, V I1 and V I2 (V Q1 and V Q2 are used in the Q arm). The induced phase shifts φ I1 and φ I2 are assumed to be proportional to the applied signals V I1 and V I2 and are given by
where V π is the half-wave voltage of each of the five phase modulators in Fig. 1 . The I-arm dual-drive MZM can be biased either at a maximum or a minimum of its transfer function. As an example, consider the MZM biased at a peak [ Fig. 2(a) ] and two binary signals V I1 and V I2 assuming two possible values: V pp ∕2, where V pp is the peak-to-peak voltage. For proper operation and for exploiting the full available modulation dynamic range, V pp must be set equal to V π for all of the driving signals. This ensures that a transition from a logic 0 (logic 1) to a logic 1 (logic 0) induces a π (−π) phase shift on the optical field it is applied to. When both the applied signals are low (−V pp ∕2), then φ I1 φ I2 −π ∕2 and constructive interference is preserved as the two phasors rotate by the same angle, producing logic symbol 3 [ Fig. 2(b) ]. Similarly, when both signals are high (V pp ∕2), then φ I1 φ I2 π ∕2 and logic symbol −3 is produced [ Fig. 2(d) ]. On the contrary, when the two applied signals have opposite polarity, φ I1 φ I2 and the interference is destructive as the two phasors rotate oppositely, thus producing logic symbols 1 and −1 [ Fig. 2(c) and Fig. 2(e) , respectively]. The optical fieldsẼ I1 andẼ I2 therefore combine constructively or destructively, depending on the applied binary signals, generating the 4-APSK signal that represents the I component of the 16-QAM. Owing to the complete π phase shift, the imaginary part is completely suppressed and the four points lie exactly on the I axis free of any offset. In case such phase shift would not reach π, then a residual offset is present. Note that the splitting ratio between arms I 1 and I 2 is chosen to ensure that the four points of the 4-APSK are equally spaced along the I axis. Likewise, the Q arm is used to synthesize a second 4-APSK corresponding to the Q component of the 16-QAM. By means of an additional π ∕2 phase shift on the Q arm (achieved through the IQ bias V PM in Fig. 1 ), these four points are positioned along the Q axis. Finally, by combining the I and Q components, an offset-free 16-QAM constellation is obtained.
The effectiveness of the proposed scheme is demonstrated through simulations. Figure 3 reports plots of the 4-APSK signals generated in the I arm [ Fig. 3(a)] and the Q arm [ Fig. 3(b) ] as well as the complete 16-QAM constellation [ Fig. 3(c)] .
One of the main technical challenges in a practical implementation of the proposed scheme is a potential deviation from the optimal splitting ratios. Figure 4 shows a plot reporting the impact on the constellation efficiency of such deviation for the two 80/20 splitting ratios present in the scheme assuming the input 50/50 coupler is ideal. The efficiency, normalized to the ideal case, has been calculated as the ratio of the square of the minimum symbol distance and the mean energy per bit.
In order to ensure a precise 80/20 splitting ratio and to allow for tuning to other precise splitting ratios, tunability is incorporated. Tunability can be implemented by using a 1 × 2 MZI as the splitter or by incorporating a splitting-ratio tuning mechanism into a directional coupler or multimode interference coupler. An MZI-based splitter allows for wide tunability and offers relatively wide bandwidth. Tunable splitters not only allow for tuning to different precise splitting ratios as required for the 16-QAM transmitter but also increase the fabrication tolerances, eliminating the need for postprocess trimming.
The proposed 16-QAM transmitter could be realized on a number of photonics platforms including silicon (Si), indium phosphide, or lithium niobate. As a proof of concept, we have designed an unbalanced 1 × 2 MZI as an 80/20 splitter on a Si photonics platform motivated by the availability of Si photonics foundries and the low cost associated with this platform. Simulations were performed for a 220 nm thick Si-on-insulator (SOI) rib waveguide structure, relying on the thermo-optic effect for tuning. Figure 5 shows the results of a three-dimensional beam-propagation method simulation for an MZI splitter that is intentionally designed for a splitting ratio slightly higher or lower than 80/20 to account for potential fabrication variability. The splitter can then be precisely tuned to 80/20 or other splitting by injecting current across the SOI rib waveguide to induce the thermo-optic effect. For an interaction length of only 150 μm, the splitting ratio is tuned precisely to 80/20 with an index change of 5 × 10 −4 , which corresponds to a temperature increase of only 2.7°C in Si [11] . For the 50/50 splitter A in Fig. 1 , a similarly tunable but balanced MZI splitter can be used to allow for fine tuning between the I arm and Q arm.
Tunable splitters also enable the realization of more efficient 16-point constellations using the same device. Generation of a hexagonal 16-QAM simply requires the tuning of splitter A to 55/45 and splitter C to 75/25. On the Si photonics platform, tuning to 75/25 from 80/20 splitting requires only an additional temperature change of 2.6°C. Figure 6 reports the I-and Q-arm outputs and corresponding constellation for the hexagonal 16-QAM.
In conclusion, a low-complexity architecture for a 16-QAM optical transmitter has been presented. The architecture is based on tunable splitting-ratio splitters, which allow for generating offset-free square and hexagonal 16-QAM constellations with the same device. The transmitter can be realized with silicon photonics technology to exploit small footprint, low cost, and manufacturability. A design for finely tuning the splitting ratios so as to reconfigure the output constellation together with the compensation for imperfections related to the fabrication process has been included. To the best of our knowledge, this is the first scheme of an offset-free 16-QAM transmitter based on a single IQ modulator structure driven by four equal-amplitude binary signals. Previous implementations produce either a 16-QAM constellation with an offset, make use of more complex architectures, or are driven by multilevel signals or by binary signals with different amplitudes. The proposed 16-QAM transmitter is both simple and elegant considering the modulator architecture and driving-signal configuration. 
